Graphene, the atomically-thin honeycomb carbon lattice, is a highly conducting 2D material whose exposed electronic structure offers an ideal platform for sensing. Its biocompatible, flexible, and chemically inert nature associated to the lack of dangling bonds, offers novel perspectives for direct interfacing with bioelements. When combined with its exceptional electronic and optical properties, graphene becomes a very promising material for bioelectronics. Among the successful bio-integrations of graphene, the detection of ionic currents through artificial membrane channels and extracellular action potentials in electrogenic cells have paved the road for the high spatial resolution and wide-field imaging of neuronal activity. However, various issues including the low signals amplitude, confinement and stochasticity of neuronal signals associated to the complex architecture and interconnectivity of neural networks should be still overcome. Recently, grain boundaries found in CVD graphene were shown to drastically increase the sensitivity of graphene transistors providing nanoscale sensing sites. Here we demonstrate the ability of liquid-gated graphene field effect transistors (G-FET) on which hippocampal neurons are grown for realtime detection of single ion channels activity. Dependence upon drugs and reference potential
gating is presented and is found compatible with the nanoscale coupling of a few ion channels to weak links present in the devices.
Introduction
The long lasting interfacing of neurons with electronic devices is of primary interest for a variety of applications in fundamental neuroscience and biomedical engineering. In particular, the implementation of recording devices to probe the activity of neuron-based architectures at the single neuron level is a critical step towards the understanding of the microscopic mechanisms which support information processing, and could eventually offer a valuable tool for in-vivo brain interfacing. Several approaches have been developed to detect the ionic activity of an assembly of neural cells with extracellular micro-electrodes, 1 micro-transistors 2 or silicon nanowires. 3, 4 These devices currently provide the best temporal resolution with regards to the deep brain implantation compared to optical or magnetic approaches. However the rigidity and poor acceptance of the devices are main drawbacks limiting this electronic approach. In addition to the poor growth and survival of the cells on the currently used electrode materials, the mechanical mismatch between the rigid implant and the soft biological tissue results in a strong immune response and an increased distance to the cells due to the electrode encapsulation, preventing a close and stable electrical contact to the cells. 5, 6 Recently graphene has emerged as a promising alternative material for biosciences, 7 including interfacing solid-state devices with living cells. 8, 9 When compared to mature solid state technologies involving for example silicon or metallic material, critical improvements can be gained using graphene -a single carbon layer -as the bioelectronic sensing interface: its relative chemical inertness to ionic fluids and the absence of dangling bonds together with the existence of a 2D electron gas directly exposed on the graphene surface 10 provide unique 3 features which should significantly enhance the electrical coupling and the signal-to-noise ratio when associated with the strong adhesion of neurons onto the recording device. 11 Conventional semiconductors such as silicon nanowires require thick insulating layers (typically 145 nm and 10 nm for bottom and top silicon oxides) to reach the best operating regime and to prevent time aging and degradation of the sensor in reactive liquids. However, because graphene is inert chemically, additional insulating layer is no more required between the transistor channel and the gating liquid. Thus the high mobility regime that can be accessed in graphene with the ultrathin electric double-layers (EDLs) exceeds widely the threshold performance of conventional semiconductor transistors, while keeping similarly high integration and high frequency operation of graphene transistors. 12 Another important aspects are the biocompatibility of graphene 7, 45 and its outstanding mechanical properties, 13 which provide sturdy membranes and offers bendability and softness comparable and compatible with biological tissues. 14 The growth of neuronal cells is shown to be significantly improved on graphene compared to silicon or metallic surface: bare graphene exhibits adhesion properties comparable with usual proteins (poly-lysine or laminin) in terms of growth and adhesion of neurons, 11 while preserving the electrical performance of the electrode at the interface to the living tissue. 15 Therefore, the use of graphene for the electrodes material or/and as the surrounding coating leads to an higher density of neurons on the samples and even offers promising perspectives to use similar graphene electrodes for invivo recordings. During the past few years, graphene has indeed been shown to be an extremely promising material for neural tissue engineering, 16, 17 regenerative medicine 18, 19 and was successfully used to record electrical signals from cardiomyocyte cells, 8, 9 hinting at the feasibility of a graphene-neuron interface and its possible applications for neural prostheses. 20, 21 Although immunogenicity and toxicity of the implanted graphene 45 have still to be investigated before its used in pharmacology and medicine, CVD-grown graphene 4 monolayers appear more stable for long term implantation than its counterparts graphene oxide (GO) and reduced graphene oxide (rGO). Macroscale high mobility graphene monolayers can be routinely obtained by CVD growth on Cu foils and then be transferred on a wide range of substrates. 22 However, this graphene unavoidably exhibits a large amount of grain boundaries (GBs) formed by the merging of individual graphene grains with different crystal orientations. 23 These linear defects alter the electronic performance of graphene devices. 24 While many efforts were primarily dedicated to production of large-scale defect free graphene, it appeared that GBs have emerged as highly sensitive line defects for analytic applications. 25, 26 Here, we report on the interfacing of polycrystalline graphene field effect transistors (G-FETs) to hippocampal neurons that are cultured on top, and demonstrate an ultra-high sensitive field effect detection of ion channels activity using graphene grain boundaries. G-FET arrays with varying channel dimensions and varying amount of grain boundaries were fabricated by transferring graphene on glass, on sapphire and on silicon/silicon oxide substrates.
Characterization of the Graphene-Field Effect Transistors (GFETs)
Figure 1a provides a schematic equivalent electrical circuit of a G-FET interfaced to an electrogenic cell (inspired from previous work 27 ). The ionic current generated by the neuronal activity changes the extracellular voltage V extra in the cleft (the liquid junction formed between the cell and the device which gates the transistors) and modulates the carriers density of the transistor conduction channel as Δn = C Q .ΔV extra / q. GFET are directly exposed to the liquid gate (no top oxide) and thus take advantage of the large interfacial capacitance of the atomically thin electrical double layer EDL. The capacitance of the EDL takes into account the serial capacitances at the interface, including the quantum capacitance and the geometric (Helmholtz and diffuse) capacitances C -1
Because the quantum capacitance is 5 usually the smallest one, 10, 36 its serial contribution dominates the interfacial capacitance such as C EDL~CQ (~2µF/cm² ), the Helmholtz and diffuse capacitances being expected to be larger (10-20 and 100-200 µF/cm² respectively). Monitoring the variation of the source drain current ΔI SD = µ.e.Δn further amplifies the signal by the high carrier mobility µ of the graphene conduction channel. This current signal is usually expressed as function of the transconductance g m of the G-FET at the liquid top-gate operating setpoint V G (previously characterized),
The amplitude and the shape of the extracellular potential V extra depend on the cell-device coupling strength, the seal resistance, the measured region of the neuron (cell body or neurite) and the amount of voltage-gated channels. The sensitivity of a GFET (ΔI SD /I SD ) is usually expressed in term of relative conductance change, given by the transconductance normalized by the drain voltage at the gate operation setpoint V G :
The normalized transconductance Γ m (first term of eq.2) being proportional to the devicewidth to length ratio Γ m =µ.C Q .W/L, the transistors size can be reduced while keeping high sensitivity in opposition with the microelectrodes (MEA) currently used in electrophysiology and which rely on charge injection mode only.
This general expression (eq.2) holds for a homogeneous electrostatic detection and should be further refined for assessing the non-homogeneous detection generated by the network pattern of highly sensitive grain boundaries in polycrystalline GFET which can probe nanoscale near field emitters 26 such as ion channel. To take into account their contribution, the transistor channel can be described by a repeating unit of single grains SG and grain boundaries GB which both contribute to the current modulation of the transistor channel:
with N the number of single grain along the GFET channel. Figure 1b shows the non-linear dependence of the normalized transconductance with the device-width to length ratio (inset fig.1b ). As expected, the non-homogeneous GB-assisted field effect detection further enhances the sensitivity when the channel length (and thus the number of grain boundaries) is reduced.
The GFETs sensitivity is characterized by applying a DC liquid front gate voltage V LG in the cell culture saline medium surrounding the devices through a quasi-reference Pt-electrode. the state-of-the-art. 8, 9 These devices also offer a fast response to external potential changes (supporting information figure S2 ) providing a suitable platform for electrical detection of neuronal activity.
Since few years, intensive studies were dedicated to characterize the grain boundaries of CVD grown polycrystalline graphene by combining atomic force micrograph, Raman mapping and transmission electron micrograph. 26, 37 Most impressive results were obtained with dark field TEM analysis which can resolve the grain boundaries over the graphene layer. 23 However it requires see-through samples (graphene membranes) that are not compatible with liquid cell operation. Here we have used alternative methods for mapping the GBs networks which form by the merging of single grain during the CVD growth. In particular, we have analyzed graphene layers (same growth condition) for which the growth has been stopped before full coalescence of the single grains, giving an accurate and large scale evaluation of the nucleation density (figures 1e-f). The grain size can also be assed on the merged graphene layer, by using specific treatments based on an oxidation 40 that 7 selectively etch the grain boundaries leading to crevasses that can be further imaged using scanning probe microscopy. Both methods agree to give a grain size ranging between 10-30µm (figures 1c-d). Because we are using a pulsed growth process, 29 the shape of the single grain is irregular but still is single crystal. This can be observed also by increasing the time of the growth, because multilayers patches mark the nucleation center of the each single grain.
The main characteristics of the graphene sheet after the device fabrication, such as surface roughness, crystalline quality and electronic mobility, can be seen in the supporting information figure S1. Raman spectrometry analysis (figure S1b) is performed to assess graphene quality. The intensity ratio between the G and 2D bands (resp. 1583 cm -1 and 2676 cm -1 ) I G /I 2D = 0.3 and the width of the 2D-band peak (30 cm -1 ) match well the values reported for graphene 28 confirming the mono-layer structure of the graphene sheet, while the very low intensity of the D-band peak (1300-1383 cm -1 ) indicates the low amount of lattice defects.
The two-point measurements on graphene stripes with length varying from 50 µm up to 2200 µm show a linear dependence of the device resistance with the probed channel length (figure S1c). The square resistance is geometry-independent and remains constant around R ☐ =0.6 kΩ per square, revealing the overall homogeneity of the graphene material at scales above 50µm.
The electronic mobility obtained from back gated field effect measurements is around 6000 cm 2 .V -1 .s -1 (figure S1d), a value consistent with those reported for CVD graphene layers obtained using the same process. 29
Sensing primary neurons with GFETs array
Primary mouse embryos hippocampal neurons were grown for periods of 19-21 days on the different set of G-FETs (see methods). The scanning electron micrograph of the graphene strip performed after the recording shows the presence of well developed neurite network above the sensors (figure 1c). The cultured neurons exhibit a pyramidal shape and highly developed dendritic architecture as well as a dense pre-synaptic markers distribution (figure 1d) as expected for matured hippocampal neurons. 30 figure S8 ), such as more than 90% of the graphene and substrate surfaces are resist-free and therefore exposed to the neural cell media.
While a resist-free window located just above the graphene channel could promote suspended neurites above the device, this configuration favors the neurites to spread between the metallic electrodes and adhere on the graphene transistor channel even for the smallest (10x20µm²) GFETs (figure 2d).
Detection of a random telegraphic signal (RTS)
While graphene transistors with channel dimensions well above the neuron size are unlikely to detect neuronal activity, a significant fraction (33%, 15 tested devices, 2 cultures) of these devices exhibit a particular signal when interfaced to the mature neurons. Figure such as silicon nanowire 32, 33 or carbon nanotube 34 FETs, where the current is carried by a small number of charge carriers, this will result in a significant change of the channel conductance. This seems to contradict the observation of the extremely high conductance modulation on large graphene transistors (W×L ≥ 40×50 µm²). Therefore, we have further investigated the possible source of noise originating from the neurons.
Impact of drug and neurotoxin on the detected RTS signals
The dynamics of the measured signal clearly depends on the composition of the The conductance fluctuations could be caused by the ionic current generated during an action potential, which is the highest expected electrical signal. However the duration and the shape of the measured signal are incompatible with action potentials, which imply a fast rising and decaying spike lasting for only a few milliseconds. On the other hand, the shape of the measured signal strongly resembles the fluctuations of single ion channels present in the neuronal membrane. The ion channels exhibit two states, an open and a closed one, and the transition between these two states generates square shaped signals lasting for up to several hundred milliseconds. 35 Thus, considering the suppression of the signal by adding TTX and also after fixing the cells (figure S6), the conductance fluctuations observed in graphene could stem from the random opening and closing of ion channels distributed in the neuronal membrane. Indeed graphene devices of macroscopic dimensions were already shown to be able to detect weak and nanoscale signals such as the activity of a single artificial ion channel, 36 opening a wide field of investigations for field effect transistors which should further amplify the detection of the ion channels activity.
The capacitive neuron-FET coupling
As shown in figure first demonstrated with several STM studies in CVD grown graphene. [39] [40] [41] Then Yasaei et al. 26 have shown that the performance of graphene sensors is not a macroscopic property but is 13 rather dominated by 1D potential barriers formed by GBs, which offer a strongly increased sensitivity to single molecule adsorption. The sensitivity of polycrystalline graphene appears 4 times more sensitive than single crystalline grain, reaching a maximum value when one GB crosses the entire width of the GFET channel, 25, 26 in agreement with our recordings ( figure   5c ). In such configuration, the charge carrier current is dominated by the GB conductivity, such that small conductance fluctuations of ion channels could locally trigger the transmission through the GB, resulting in a global resistance fluctuation of the transistor channel. This works based on chemical interaction have been further extended to charge effect. Kochat et al. 38 have demonstrated that the electrical noise arising from GBs is 3000 to 10,000 times larger than the one emitted by single crystalline graphene and have highlighted its potential for sensing applications.
Our devices are also expected to form a 2D random network of weak-links created by the GBs (schematic in figure 5d ) whom quantity is controlled by varying the size of the transistor channel ( figure 5d ). While the mechanism by which neurites tune the GBs transmittance is different from adsorption of chemical species in the gas phase, the electronic transmission through the GB tunnel junctions could explain the highly sensitive near field detection of ion channels that are in close vicinity of the GB, as illustrated in figure 5b . Once the ion channel opens, the ionic current above the grain boundary tunes its energy level to the values matching the Fermi level of neighboring graphene grains, resulting in a higher transmission of the current through the GB and increased conductance of the graphene transistor. Obviously the polarity of the detected signal will depend on the conduction regime of the graphene transistor (the GB and the single grain being gated by the surrounding liquid gate) and the fluctuation amplitude ΔG/G will increase with decreasing length of the transistor channel, which is in good agreement with our experimental observations (figures 5 and 2). Based on these previous model and regarding the relative conductance modulation which is slightly the same for the hole and electron regime (figures 4 and S9), we can expect a p-p'-p doping distribution switching from p' to p'' (inversely n-n'-n, switching from n' to n'' in the electron regime). In fact, the reported sensitivity for 2 serial GBs is around 30%, 26 which is similar to the sensitivity of our 40x50µm² GFETs ( figure 5 ) along which we also expect ~2 GBs regarding the size of single grain (figure 1).
Shape and amplitude of the expected extracellular signals
When the probed area of the membrane decreases (about 1µm² corresponding to ~10 channels), the Markov model based on discrete stochastic ion channel populations predicts that the detected neuronal activity will resemble the activity of a single ion channel 42 , each coupled channel contributes equally for the total conductance G i = ∑g i with g i being independent of the probed area. Therefore, when addressing locally the membrane its conductance becomes negligible and the opening of single or few ion channels can induce an unexpected high variation of the membrane potential, being the highest for sodium channel which have therefore the highest probability to be detected. Obviously, the extracellular voltage is reduced by background ions currents, the distance to the cell and the seal resistance, but it could explain how a nanometer scale ion channel could generate such a high extracellular voltage at the GBs, gate the GBs and affect the transport through the graphene transistor channel.
We can roughly estimate the number of sodium channels n NA expected per neurites/GBs (crossings) matching pair. Considering the density of sodium channel 42 (about 60 channels.µm -2 ) and the cross section between the neurite and the grain boundary d axon ×d GB (5×0.01 µm²), we obtain about n NA~ 3 ion channels per GB, with 5µm and 10 nm the average widths of neurites and GBs. 38 The total number of coupled ion channels over the entire transistor is well higher, being proportional to the number of interacting (neurites/GBs) pair and increasing with the graphene channels size. But locally only few ion channels (~3) are sensed by the GB giving rise to step like signals instead of spikes. 42 The and could prevent the resolution of discrete excited states.
The grain boundaries model
The probability to observe RTS decreases when reducing the transistor channel area, as illustrated in figure 5d . While RT signal was frequently observed on large graphene transistors, it was never measured on the smallest devices. This observation can also be explained within the GB-hypothesis. The typical spacing λ between GBs is around 30-40 µm (at least below 50 µm) with our pulsed growth process, as shown in figures 1c-d and 5d.
Supposing that one GB is still present on the GFET it should be properly aligned (perpendicular to the width) in order to cross all the width of the transistor channel, otherwise mono-crystalline pathways bypass the GB and the required sensitivity and spatial resolution for detecting the ion channel are lost (see figure S10 ). Consequently the probability of having one grain boundary crossing the entire width of short devices (L<λ) and at the same time matching the ion channel position in near field is quite low and could explain the fact that we never observed RTS on smallest G-FETs with a channel size of 20×10 µm² even with higher neurons density (at least on the 40 devices tested, several cultures, seeding density ranging from 50 to 150kc/ml). On the other hand, GBs network naturally forms on larger graphene channels, thus there is no more (mono-crystalline) parallel channel through a single grain 
The detection efficiency
From the dependence of the RTS observation probability P with the device size ( figure 5d ), we found that the detection efficiency (P/N i ) for the several devices remains low, increasing slightly when reducing the device size (around 0.1%, 0.6%, 2%). Given the high density of grain boundaries in CVD graphene, an important question is why we observe only the contribution of a few ion channels. Here we can identify several reasons which might be responsible for this strongly localized detection. Despite the high amount of grain boundaries in the large area devices, the GBs exhibit a strong variation of their electronic properties, 38, 42 such that not every GB contributes to the same extend to the transport through the graphene channel. Also the low seeding density of neurons used in our experiments results in a low covering fraction of the underlying graphene (ca. 15-20%) and thus lowers the probability to obtain a matching GB/ion channel. Additionally, the adhesion of the neuronal membrane to the substrate (especially along the neurites) is not homogeneous, but rather exhibits infrequent anchor spots strongly coupled to the substrate. 43, 44 Thus the membrane might be mostly insufficiently coupled to the device preventing the occurrence of a RT signal.
While specific and controlled molecular adsorptions were used to model the positive impact of grain boundaries on the GFETs sensitivity, 26 Similar improvement of neuronal adhesion on carbon nanotubes has already been suggested to favor electrical shortcuts by forming tight contacts with the cell membranes. 49 Therefore, based on these frameworks, we expect similar nanometer-thick contacts on graphene, which can explain how such small currents through ion channels can be sensed while operating in In perspective to this work, we aim to investigate further the ICs/GBs coupling and the near field detection mechanisms. One interesting strategy would be to isolate few ion channels above one single grain boundary that can be previously characterized in term of transport properties. This could be obtained in two steps: (1) by controlling the position of grain boundaries over the substrate and (2) by aligning a defined number of neurites along the 1Djunction created by the grain boundary, with micro-patterning or microfluidic techniques.
Such studies would provide new way to sense the activity of ion channels with integrated sensors, offering the ability to interface simultaneously a large amount of neural cells.
Conclusion
In summary, we provide strong evidence that we can detect the spontaneous activity of single ion channels in neural cells in-situ grown on macroscopic polycrystalline graphene FETs. We attribute the sensing to highly sensitive grain boundaries randomly distributed in CVD graphene. We demonstrated a nanoscale and time stable detection of the activity of a single ion channel sensitive to drug injection. In this sense, GB-based sensors offer a new promising platform for monitoring fundamental electrophysiological processes in living cells with nanoscale resolution. We envision the possibility to control the geometry of grain 19 boundaries network to map the single ion channel activity over a large population of neurons with high spatial and temporal resolution using highly neuro-compatible materials.
Experimental Section
CVD graphene growth and transfer onto arbitrary substrates. High-quality monolayer graphene was grown on copper foil (25µm thick, 99.8% purity, Alfa-Aesar) using pulsed chemical vapor deposition (CVD) as reported earlier. 29 Pulses of CH 4 (2 sccm 10s, then 60s off) are injected into the growth chamber with hydrogen atmosphere. Continuous CH 4 flow usually results in an increasing amount of carbon atoms dissolved in Cu foil defects. The following segregation of carbon atoms to the surface of the Cu foil leads to an uncontrolled formation of graphene multilayers. In contrast, using pulsed CH 4 flow the copper foil is periodically exposed to pure hydrogen, which binds the segregated/dissolved carbon atoms and carries them out from the growth chamber, preventing the development of multilayer patches. Before the growth, Cu foil is cleaned in acetone and annealed in diluted H 2 atmosphere (dilution in Ar at 10%) at 1000°C for 2h. Pieces of Cu foil of about 4×4 mm² with graphene layer grown on top are covered with PMMA on the graphene side and then wet etched in ammonium persulfate solution (0.1 g/ml, 2h at room temperature). After complete etching of Cu, graphene-PMMA stack is rinsed in 6 subsequent deionized (DI) water baths to remove the residual etchant. Then the graphene-PMMA film floating on the DI water surface is scooped from below onto a clean substrate and dried at room temperature. Finally PMMA is removed in an overnight acetone bath followed by a 3 h long thermal annealing at 300°C in vacuum.
Device fabrication. High quality monolayer graphene was transferred on sapphire and silicon on insulator SOI and glass substrates with predefined alignment marks. Some graphene sheets were directly contacted by Ti/Au leads using standard photolithography. On the other samples, graphene was patterned into smaller channels using photoresist masks and 20 etched by oxygen plasma (figure 2a ). Source-drain contacts were defined by a second optical lithography step followed by the metallization and resist lift-off. Finally, a SU8 resist pattern was used to electrically insulate the metallic contacts from the ionic solution. Using this fabrication protocol, arrays of graphene transistors with graphene channel dimensions of W×L = 1000×250 µm², 40×250 µm², 40×50 µm² and 20×10 µm² were realized, where W is the channel width and L the length.
Cell culture and immunofluorescence imaging. Primary hippocampal neurons were dissociated from E16.5 mouse embryos and seeded with a density of 0. Patch clamp recordings of spontaneous electrical activity and calcium signaling in cultured hippocampal neurons.Cell attached voltage-clamp technique was used to assess the spontaneous electrical activity at the soma of cultured hippocampal neurons at DIV 21. Figure  S3 A shows a typical recording trace. The shape, amplitude and duration of the detected current peaks can be clearly attributed to Na + inward currents through the cell. Additionally, calcium imaging was performed to assess the ionics activities along and between the surrounding neurites. After 21 days of culture, 2-5 µl of Fluo-4 AM was added to the cell culture medium depending on the neuron density and incubated for 15 -60 mins. Then the cell culture medium was changed to remove the excess Fluo-4 AM molecules, and after a short incubation, the neurons were excited by λ exc = 488 nm laser light, and the emission at the wavelength λ em = 515 ± 15 nm was detected. The data were acquired at 4.76Hz using a confocal microscope and commercial software EZ2000 (Nikon). Figures S3 B,C show the recordings of spontaneous calcium signals. The signal propagates from the dendrite to soma and exhibits the expected shape and duration. Conductance is tuned by the liquid gate potential from hole to electron conduction regime with the charge neutrality point around 0.45-0.5 V. Notice that the conductance is drastically decreased compared to the devices of the same geometry with no RTS (Fig. S4.A) . There is no more single grain pathway.
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